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PREFACE

The work described in this report was authorized under Project No.
1L162706A553, CB Defense and General Investigation, Decontamination, Detection,
and Identification. This work was started in June 1984 and completed in
September 1986. The experimental data are contained ln laboratory notebooks
in the Division of Life Sciences, University of Texas at San Antonio.

In conducting the research described in this report, the investiga-
tors adhered to the "Guide for the Care and Use of Laboratory Animals" as
promulgated by the committee on Revision of the Guide for Laboratory Animals
Resources, National Research Council.

The use of trade names or manufacturers' names in this report does
not constitute an official endorsement of any commercial products. This
report may not be cited for purposes of advertisement.

Reproduction of this document in whole or in part is prohibited
except with permission of the Commander, U.S. Army Chemical Research,
Development and Engineering Center, ATTN: SMCCR-SPS-T, Aberdeen Proving
Ground, Maryland 21010-5423. However, the Defense Technical Information
Center and the National Technical Information Service are authorized to
reproduce the document for U.S. Government purposes.

This report has been approved for release to the public.
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BOVINE BRAIN Ca++Mg++ ATPase: PARTIAL CHARACTERIZATION

1. INTRODUCTION

The function of Ca+? extruding ATPases is to maintain the internal
free Ca+ 2 concentrations around or below the micromolar level. These ATPases
exhibit high affinity for Ca+2 as expressed by Km values in the range 0.1-0.5 jM,
and are apparently intrinsic membrane proteins because various detergents
extracted them in soluble form. Purifications of many of these solubilized pre-
parations were completed bj transport-specific fractionation 1,2 and calmodulin
affinity chromatography.3-

It is not yet clear whether these membrane transport proteins func-
tion in the membrane as monomers or in an aggregated multimeric state.
Structural studies suggest that the ATPase peptides of the sarcoplasmic retic-
ulum are in close contact in the membrane.8 ,9 Radiation inactivation studies
suggest proximity between Ca+ 2-ATPase molecules in a dimeric complex. 10 Studies
of bidimensional membrane crystals, formed in the presence of vanadate, show
that the minimal asymmetric unit using these conditions consists of a dimer.ii
Martins and de Meis observed in studies of partial reaction of soluble and
mrmbrane-bound sarcoplasmic reticulum ATPase impairment of different interme-
diate reactions of the catalytic cycle. 12 Other studies show that a detergent
solubilized monomer of ATPase preparations exhibits an activity similar to that
of the native enzyme. 13- 15

Although various ATPase reconstitution studies using protein from
different sources have partially elucidated phospholipid requirements, there
is evidence that suggests membrane components such as cholesterol influence the
function of numerous membrane proteins (e.g. Na+, K+ -ATPase, 16 acetylcholine
receptor,17 and band 4.5 glucose transport protein 18 ). Recently, inhibitor and
activator proteins of a Ca+ 2 ATPase in rat liver plasma membranes were observed,'
and a 53 000 dalton glycoprotein that enhances the ATPases' affinity for
calcium26 ,4 was isolated from the sarcoplasmic reticulum.

Few reports characterize Ca+ 2 + Mg+ 2-dependent ATPase in situ, using
native synaptic membrane pre arations. To obtain basic information about the
properties of the Ca+2 + Mg+e-dependent ATPase that would guide and suppurt
future studies, we studied the properties of Ca+2 + Mg+ 2-dependent ATPases of
bovine brain synaptic membranes. This tissue is a good source of protein due t
its size and easy availability. In this report we present evidence that su557
the presence of two kinetic forms of Ca+2 + Mg+2-dependent ATP hydrolase activ>:
from bovine brain.
2. MATERIALS AND METHODS

2.1 Materials.

Adenosine-5'-triphosphate, from rabbit muscle, and trifluoperazine w
obtained from Boehringer-Mannheim. HEPES, tris, ouabain, oligomycin, diltiaz,,
and verapamil were obtained from Sigma Chemical Company, St. Louis, MO.
Malachite green was purchased from Aldrich Chemical Company, Milwaukee, 1I.
All general laboratory reagents were of highest grade.

7



2.2 Preparation.

Synaptosomes were prepared from approximately 10 g of bovine brain
issue (cortex) obtained from Roeglein Provision Company, San Antonio, TX,

approximately 15 min after exsanguination. Synaptosomes were prepared by the
oiethod of Hajos. 2 1 Bradford's 22 method of using bovine serum albumin as
standard determined the protein.

2.3 ATPase Assay.

Phosphate released by hydrolysis of ATP was monitored
spectrophotometrically by the method of Lanzetta and co-workers. 2 3 All incu-
bations contained 100 ug of synaptic mebrane protein in a final volume of
?.0 mL, 0.01 M HEPES buffer at designated pH, calculated amounts of EGTA and/
or EDTA, 0.3 mM ouabain, and indicated amounts of ATP. Reactions were
carried out for 90 sec and terminated by addition of 200 uL 6N HCl. After
thorough mixing, a 200 uL aliquot was removed, and the released phosphate
was determined spectrophotometrically. Total ATPase activity was determined
in the presence of indicated amounts of free Mg+ 2 and Ca+ 2 ions. Ca+ 2 + Mg+ 2

dependent ATPase activity was determined by taking the difference between
assays run in the presence of both Mg+ 2 and Ca+ 2 ions and those run only in
the presence of Mg+ 2 . All assays were conducted in triplicate with appro-
priate blanks. The amount of EGTA added to the buffer to control free Ca+ 2

in the presence of Mg+ 2 was calculated according to Bartfai. 24  To check the
dependency of hydrolysis of ATP on free Mg+ 2 , we calculated the 4mount of
NgCl 2 to be added in the presence of buffer that contained EDTA according
to the formulas and constants employed by Pershadsingh and McDonald. 25

Two different assays referred to as "low" and "high" affinity were used with
respect to ATP concentrations where indicated. Low affinity assays were con-
ducted in 0.01 M HEPES buffer, pH 7.0, and high affinity assays were condu-
cted in 0.01 M HEPES buffer, pH 7.4. All assays contained 0.3 mM ouabain.
Table 1 summarizes the low and high affinity assay conditions.

Table 1. Reaction Micromolarity

Low Affinity High Affinity

ATP 200 12.5

Mg+ 2  250 100

Ca+ 2  2.52 2.52

8

w

V - ~,j



2.4 Analysis of Data.

All kinetic data were analyzed by the Eadie-Hofstee graphic procedure
as described by Walter.26 This type of graphic analysis was the most sensitive
to deviation from hyperbolic enzyme kinetics. 26

3. RESULTS

Two regions of saturation were observed with regard to release of
phosphate from ATP when assayed at a final hydrogen ion concentration of 7.2 in
the presence of 2.52 uM free Ca+2 and 200 uM free Mg+2 (Figure 1). One, a high
affinity activity, saturated at very low ATP concentrations (approximately
15 vM). A second, but lower affinity (Ca+2 + Mg+ 2-dependent ATPase activity,
saturated at higher ATP concentrations (approximately 40-45 VM). In an attempt
to further characterize these activities, we examined the dependence of these
activities on hydrogen ion concentration. Two distinct profiles were observed
depending upon the ATP concentration ised in the assay (Figure 2). When assayeA
in the presence of 200 vM ATP (x-x), nydrolysis of ATP occurred over a broad
range of hydrogen ion concentration with maximum hydrolysis at pH 7.0. Assays
conducted in the presence of high ATP concentration (12.5 pM, 0-0) also ind-
icated a broad pH dependence with one maxima at pH 7.4 and a second at pH 7.8.
Assay of synaptic membrane homogenate preparations at pH 7.0 in the presence of
ligher and increasing concentrations of ATP (25-125 uM), and graphical analysis
of the ratio of velocity, and substrate concentration versus that of velocity
indicated Km and Vmax values of 24 uM and 110 umoles/min/mg protein, respective>,
(Figure 3). Synaptic membrane homogenates assayed at pH 7.4 in the presence of
low but increasing concentrations of ATP (2.5 - 15 pM) indicated saturation to
occur at approximately 7.5 uM (Figure 4). Eadie-Hofstee graphical analysis of
these data shown in the inset indicated Km and Vmax values of 3.2 PM and
56 pmoles/min/mg protein, respectively. Evaluation of the dependence of hydro-
lysis of ATP on free calcium at low (12.5 uM) and high (200 uM) ATP concentra-
tions buffered at optimal hydrogen ion concentration is shown in Figure 5,
Frame A, with an Eadie-Hofstee graphical analysis in Frame B. Hill Plot analysi;
(Figure 5, Frame C) ;ndicated slopes of 1.1 and 0.5 under low and high affinity
assay conditions, respectively. Both catalytic activities exhibited a Km valt!,-
of 0.24 pM for calcium. However, Vmax values obtained at low and high ATP con-
centrations differed significantly (128 and 49 umoles/min/mg protein). Figure u
shows the dependence of hydrolysis of ATP upon magnesium. Eadie-Hofstee granh-
ical analysis (high and low ATP concentrations, inset) revealed Km values of 1>
and 112 uM, respectively. Maximum velocity values were similar to those obtdli.
for previously examined kinetic parameters. Table 2 summarizes the kinetic c.
stants assayed under optimal hydrogen ion, free calcium and magnesium, and ATO
concentrations. These conditions are referred to as low and high affinity as:.,
conditions. To ascertain if these activities were mitochondrial in nature, 1 -
and high affinity ATPase assays were performed in the presence of several
mitochondrial inhibitors (Table 3). As indicated in the table, KCN, NaN 3 , anA
ruthenium red did not inhibit either activity. Rotenone and oligomycin, in
general, inhibited 10-15%.
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Table 2. Summary of Kinetic (Km) Constants

(uM)

Low High

ATP 24 3.2

Ca+ 2  0.24 0.24

Mg+2  110 18

Table 3. Effects of Various Cations on Low and High Affinity ATPase
Activities from Bovine Brain Synaptosomes

(% Inhibition)

Low High

Rotenone (120M) 15 20

KCN (O.ImM) 0 0

NN3  (0.1mM) 0 0

Oligomycin (50uM)* 15 10

Ruthenium red (lOM) 0 0

Micromolarity calculated on an average molecular weight of 786.

To determine if one or both of these activities were calmodulin
('didted, synaptic membrane homogenates were assayed under low and high affinity

conditions in the presence of increasing amounts of the known calmodulin antag-
orist, trifluoperazine. Both activities were inhibited maximally (approximately
60%) at 30 utl trifluoperazine (Figure 7). The low affinity activity was very
sensitive to the classical inhibitor vanadate (Figure 8), whereas the high affin-
ity activity required approximately twice as much inhibitor to reduce the activ-
ity to 50% of control. In the presence of 10 wM vanadate, both activities were
reduced 90% or more. Lanthanum reduced both activities similarly but was not as
effective at lower concentrations. An extensive list of various cations (mono,
di, and trivalent), and their effect upon ATP hydrolysis is shown in Table 4.
Low and high affinity activities were inhibited by the cations to various degrees.
However, sodium and ammonium ions preferentially inhibited greater than 90% of
the low affinity activity but left greater than 90% of the high affinity activity
intact. Cesium, aluminum, and manganese totally inhibited the high affinity
enzyme. Manganese and aluminum ions inhibited low affinity activity approximately
50%, whereas cesium resulted in stimulation.
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Table 4. Effects of Various Mitochondrial Inhibitors on Low and High Affinity
ATPase Activities from Bovine Brain Synaptic Membrane Homogenates

Low Affinity High Affinity

% Control % Control

Cs+1  78 0

Na+ 1  5 91

NH4 
+  9 94

Li+1  57 11

Mn+2  52 0

Cu+2  56 66

Zn+2  71 58

Co+ 2  34 34

Ba+2  72 132

Fe+ 3  49 28

A1+ 3  51 0

A thermal lability study revealed the two activities to exhibit dif-
ferences with regard to thermal denaturation (Figure 9). The low affinity
activity gradually lost activity when incubated at 45 °C for increasing periods
of time. In contrast, the high affinity activity remained constant and unaf-
fected for 2 min after approximately 50% activity was lost. We were interestco
in determining the effects of the allosteric calcium channel modulators, vera-
pamil and diltiazem, on these ATPase activities. Diltiazem significantly stim
ulated the high affinity ATPase activity but only slightly stimulated (approxi-
mately 10%) the lower affinity activity (Figure 10). The slight stimulation
wds followed by a gradual but significant decline in ATP hydrolysis. Verapai,
inhibited only the low affinity activity with no apparent effect upon the high
affinity ATPase activity (Figure 10).
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4. DISCUSSION

The evidence suggests the presence of two kinetic forms of Ca+ 2 + Mg+2-

dependent ATP hydrolase activities in bovine brain synaptic membrane homogenates
that could be distinguished on the basis of different pH profiles and saturation
plots using ATP as substrate. The pH studies were performed in the presence of a
fixed amount of total calcium in the presence of EGTA. The calcium EGTA associ-
ation constant is strongly pH-dependent. 24 Measurement of free Ca+Z over the
narrow pH range used in this study revealed no changes in free Ca+ 2 concentra-
tion (data not shown). Earlier studies, using sarcoplasmic reticulum vesicles,
revealed the presence of a high affinity ATP binding site with a Km of 1-5 vM
that, when phosphorylated in the presence of Ca+2 , gave rise to a low-affinity
ATP-bindlng site th a Km of 30-500 M accompanied by a twofold to threefold
increase in Vmax -

Recently, Villalobo, et al., studied the Ca+ 2-translocating ATPase
from human erythrocytes plasma membrane and observed a complex interaction
between the major ligands (i.e., Ca+2 , Mg+2 , H+ , calmodulin and ATP) and the
enzy ne. 28 Furthermore, they demonstrated that the catalytic cycle of the Ca+2-
translocating ATPase maintains multiple binding sites for Ca+2 and two affini-
ties for ATP, depending upon the presence or absence of calmodulin. Effects
of calmodulin removal was not directly examined, but under the described reac-
tion conditions, the calmodulin antagonist trifluoparazine inhibited approxi-
mately 60% of both ATPase activities (Figure 7). Some of the calmodulin is
possibly inaccessible and is not affected by trifluoperazine treatment.

Although the Villalobo studies used enzyme preparations derived from
nonneuronal tissues, there appear to be common features with synaptic membrane
bound enzyme. For example, under optimal assay conditions, the high affinity

activity exhibits a Km of 3.2 uM with a maximum velocity of 43-55 nmoles Pi
released/min/mg protein. The low affinity activity exhibited a Km for ATP of
24 pM and a corresponding maximum velocity of 110-135 nmoles Pi released/
min/mg protein, which essentially represents a twofold increase in V compared
to the high affinity activity. Examination of Ca+2 dependence revealed
2.52 vM free Ca+2 to be optimal with a decrease in high affinity activity at
higher free Ca 2 concentration. Although the values derived under low and
high ATP concentrations were identical (0.24 iM) Hill coefficients were not,
indicating no interaction (cooperativity) of Ca+2 under low affinity conditions.
Thus, a single binding site for Ca+2 or multiple binding sites that are com-
pletely independent of one another exist under low affinity conditions. Under
high affinity conditions, we observed a Hill constant of <1 which indicates
a negative cooperativity between Ca+ 2 and more than one Ca+ binding site.
Using a calmodulin-affinity purified preparation, Villalobo and co-workers ob-
served much higher Hill coefficients that indicated significant positive coop-
erativity between Ca+ 2 binding sites. These differences could arise from either
the differences in tissue as a source of protein or the differences in molecular
environment arising for detergent solubilization. Additionally, steady-state
kinetics of ATP hydrolysis reflect different Hill coefficients, depending on the
pH and concentrations of Na4 , K+, and Mg 2 .29-33  Michaelis and co workers, using
synaptic Wembranes from mammalian brain tissue, o erved Kn 5 (Ca+ ) of 0.23,
Kn 5 (Mg' ) of 6.6 jiM, and Km for ATP of 18.9 M. With e exception of the
kinetic constant for Mg 2 , these values are in general agreement with those we
derived for the low affinity activity.
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The two affinities we describe possibly represent two different mem-
branes (i.e., plasma versus microsomal). The low and high affinity activities
we describe were very sensitive to vanadate and, to a lesser degree, lanthanum.
Some investigators used vanadate sensitivity to discriminate microsomal and
plasma membrane Ca+ 2+Mg+ 2-dependent ATPase activity from that of the sarco-
plasmic reticulum. 3 Half-maximal inhibition of the low and high activity by
vanadate is approximately 2 and 5 uM, respectively. Evaluation of effects of
various mono, di, and trivalent cations indicated the monovalent cations, sodiuMI
and ammonium, preferentially inhibited the low affinity activity. Previously,
Lotersztajn and Pecker observed various cations to uncouple Ca+- transport from
Ca+2 stimulated (Ca+ 2-Mg+ 2)-ATPase in rat liver plasma membrane. 19 In that study,
cations were carefully substituted for CaCl 2. Our data do not represent a sub-
stitution but merely a determination of the effects of addition of various cat-
ions, and the free cationic concentration is probably considerably lower than the
added 25 uM. However, the free cationic concentration is probably considerably
higher than those "free" cation concentrations used in the Lotersztain and Pec-Jer
study. The possibility that cations have not effectively increased the free Ca+?
concentration by combining with EGTA, can not be ruled out; although, no stimu-
lation by Fe+ 2 , Mn+ 2 or Co+ 2 in the rat liver plasma membrane was observed.) 9

1la01-sensitive Ca+ 2 transport is a recognized component of plasma membranes frow
t.xcitable tissues 35 and has also been described in kidney 36 and dog red blood
colls. We found Na+ as well asNH&+I ions to be significantly inhibitory. in
and Way concluded that Mg+ , Na , K+, and ATP have specific roles in regulating-
Ca+2 permeability of the plasma membrane, calcium bindiny, and calcium extrusion. 7

In addition to the preferential effects of Na+i and NH4  ions, Cs+I, Mn+?, ain
A1+3 completely inhibited the high affinity activity but reduce the low affinity
activity 22, 48, and 49%, respectively. If the low and high affinity ATase
activities we describe represent two different configurations as previously pro-
posed, 27 a certain configuration could interact with specific charge groups tho:l
may be inaccessible in the alternate configuration. Examination of thermil lahi]iti
revealed that the high affinity activity appears to be heat stable up to 2 !0n thfn
loses activity rapidly. The low affinity activity lost activity gradually over tho
duration of the experiment.

The 1,4-dihydropyridine family of calcium antagonists binds saturdbl!
and reversibly with high affinity to specific sites that appear to mediate Ho)1G-
ade of calcium ion flux through voltage-dependent calcium channels in a numbler ()f
tissues. 38 Binding studies with radioactive derivatives have shown that the
dihydrooyridine derivatives recognize a binding site distinct from tiJt .
pamil and diltiazem. 39-41  Diltiazem (30 ijM) stimulated high affinity ,T:, h ,,r -
lysis 40% and low affinity activity 10% at lower concentration. Verapaii", th,,
negative allosteric calcium channel modulator, had no effect upon the Ii-in
affinity ATPase activity, whereas a slight decrease was observed under ov. .Wn-
ity assay conditions. These results raise the possibility that the cal,],j -
nel allosteric sites and the low affinity ATP catalytic conformations ,r JioI.
be located very close to one another or that the conformations that refs,, .
diltiazem administration may be more optimal for ATP hydrolysis.

Recent reports by Lin and Way 42 and Papazian et al. 43 suggest ti , h,

Ca+2 ATPase, Mg+ 2-ATPase, and (Ca+?+tig+2)-ATPase activities in synaptio ,l1s:,
membranes reflect the operation of three separate enzymes. The Ca+2+Mj4',
activity is thought to represent enzyme activity linked to a Ca+  trns vort :r? -
cess in nerve endings. 37 , 4 Lin and Way conclude that synaptic plasma ,:hri r
contains a high affinity Ca+ 2-ATPase that may have a functional role in tjh0
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,I-,IIVdI of .ytosoIic ( 1'.4L  lhe aictivitie, we d-scr ibe represent only the
S4Mg+2)-ATPase.

The detailed enzyme mechanism that couples ATP hydrolysis and ion
p,Jmping is not well understood. In 1982, Hammes proposed, in a method similar

:ick,27 a single mechanism that describes coupling between ion transport and
,.vlysis for a diverse group of enzymes.4 6  For the proposed mechanism to work,
the enzyme must have two available conformations. Formation of the phosphoenzyme
yI ATP occurs with one conformation of the enzyme, and hydrolysis of the

)hosphoenzyme occurs with the other conformation of the enzyme. An interaction
siiong major ligands (ie., Ca+ 2 , Mg+ 2 , H+1, calmodulin and ATP) and enzyme may
oxist. 28  Although the structural basis of conformational changes associated with
the ion pumping mechanism is the subject of numerous studies in the sarcoplasmic
retliculum 4 7 -5 1, much more information is needed on the synaptic processes.

CONCLUSIONS

Our results suggest that the Ca++ channel either directly interacts
ti the (Ca++ Mg++)-dependent ATPase, or that a close spatial relationship

ixists between a specific catalytic site of the ATPase in either the diltiazen
hinding site or the resultant conformational change in the Ca++ channel.
Although these results are consistent with the hypothesis of two kinetic confor-
!;ijtions of a single synaptic membrane protein, we cannot rule out the alter-
nitive hypothesis that there are two different concentrations.

2I
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